ABSTRACT: A rapid approach to identifying complementary catalytic groups using combinations of functional polymers is presented. Amphiphilic polymers with "clickable" hydrophobic blocks were used to create a library of functional polymers, each bearing a single functionality. The polymers were combined in water, yielding mixed micelles. As the functional groups were colocalized in the hydrophobic microphase, they could act cooperatively, giving rise to new modes of catalysis. The multipolymer "clumps" were screened for catalytic activity, both in the presence and absence of metal ions. A number of catalyst candidates were identified across a wide range of model reaction types. One of the catalytic systems discovered was used to perform a number of preparative-scale syntheses. Our approach provides easy access to a range of enzyme-inspired cooperative catalysts.
T he precise, tailored structures attained by proteins allow them to achieve an unparalleled degree of functional perfection. Enzymes in particular achieve their catalytic competency through precise positioning of multiple functional groups around the active sites and close participation of cofactors, prosthetic groups, and metal ions. 1 These "perfect" catalysts are a product of a random search process known as biological evolution. Over the course of billions of years, Nature sampled a vast combinatorial space of potential catalytic macromolecules, continuously selecting the useful ones. While chemists have been quite successful in developing efficient and practical catalysts through rational design, the number of reasonable-guess structures that can be synthesized and evaluated within a practical time frame is necessarily limited by the difficulties inherent to multistep synthesis. To address this challenge, a variety of evolutioninspired, combinatorial methods have been applied to catalyst discovery. 2 One of the more elegant strategies, first devised by Menger, involves random/uncontrolled derivatization of simple, soluble polymer supports using reliable coupling reactions.
3 A large number of functional polymers differing in the degree of functionalization and the specific combinations of functional groups can thus be prepared and screened rapidly. Through this simple approach, a number of remarkably competent multifunctional catalysts were identified. Since the derivatization is performed in a single step even with multiple functional moieties, very large combinatorial spaces are easily accessible. Unfortunately, this also complicates the identification of specific functional group interactions responsible for catalytic activity.
Here, we present a rapid approach to identifying complementary catalytic groups using combinations of functional polymers. 4, 5 We use amphiphilic polymer supports 6 with "clickable" 7 hydrophobic blocks to create a small library of functional polymers, each bearing a single functionality. The functional group tolerance of "click" reactions allows easy access to a wide variety of functional polymers. When these polymers are combined in water, they form mixed micelles. As the functional groups are colocalized in the hydrophobic microphase, they can act cooperatively, giving rise to new modes of catalysis. Due to the hydrophobic character of the interior of the micelles, even hydrogen-bonding electrophile activators, normally ineffective in pure water, could be competent in our design. The resulting multipolymer "clumps" 4 are then screened for catalytic activity, both in the presence and absence of metal ions. To explore the limits of our discovery strategy, we chose to target a number of challenging, bondmaking reactions of import to organic chemists ( Figure 1) .
We prepared the amphiphilic "clickable" supports by polymerizing 4-azidomethylstyrene (N 3 St) using methoxypoly(ethylene glycol) (MPEG) (M w ≈ 5000) derivatized with a reversible addition−fragmentation chain transfer (RAFT) initiator. 8 When choosing the specific polymerization conditions (section 3, Supporting Information), we aimed to produce extremely short N 3 St blocks to ensure the "clicked" functional copolymers retain excellent solubility in water. The two polymers we used throughout the study are MPEG(5000)-b-(N 3 St) 5 (P1) and MPEG(5000)-b-(N 3 St) 3 (P2). A part of polymer P1 was reduced with triphenylphosphine to yield the amine-functionalized polymer P1A. Some loss of dithioester end group, 9 and subsequent dimerization through disulfide bond was observed for all three "clickable" polymers, especially for P1A because of the nucleophilicity of its amine groups. While thiols could participate in some of our chosen reactions, this interference will be negligible for the low loadings of polymer catalysts we used (5 mol % or less on functional group basis). As the solubility of the polymers was not affected, we did not take any specific measures to prevent the end-group loss.
The copolymers were then functionalized with "clickable" payloads (Scheme 1 and section 4, Supporting Information). An established copper-catalyzed azide−alkyne cycloaddition (CuAAC) 10 protocol was used with azide-bearing P1 and P2, yielding functional copolymers P3−P9. In the case of polymers P3 and P9, some cross-linking with the bifunctional alkyne payloads was inevitable, yet the polymers remained soluble. The amine-bearing P1A was treated with 3,5-bis-(trifluoromethyl)phenylisothiocyanate, yielding the thioureafunctionalized copolymer P10. All the functional polymers showed strong tendency to aggregate, even in good solvents such as chloroform and DMSO (section 6, Supporting Information).
For the screening of catalytic activity, dilute aqueous solutions of the polymers (1 wt %) were dispensed into 96-well polypropylene plates, either alone or pairwise. Reagents were added as aqueous or dimethylformamide solutions to start the experiment. Three sets of conditions were explored for each of the reactions (Figure 1 ). To evaluate the organocatalytic competence of the polymer "clumps", any effect of trace Cu remaining from the CuAAC reactions had to be eliminated. To this end, Na 2 EDTA was added to each well. We also performed reactions in the presence of added Cu(OTf) 2 and Sc(OTf) 3 as Lewis acid cocatalysts. 11 Thus, for each of the reactions R1− R9, 108 catalyst/cocatalyst combinations were screened, for an overall 972 reactions. Each reaction was also performed in the absence of metal ions and polymers. No product formation was observed in any of the control experiments.
The reactions were allowed to run overnight before being analyzed by liquid chromatography−mass spectrometry (LC-MS). The intensity of the signal of each of the expected products was compared to the signal of (4-aminophenyl)-diethylamine hydrochloride, a convenient internal standard. The standard was introduced immediately prior to analysis, to avoid any undesirable side reactions. In the case of Michael reaction R4, this internal standard was unsuitable, as it was reactive toward one of the substrates (7). Thus, the outcome of R4 was analyzed by NMR.
The results of the screening are summarized in Figure 1 , where the relative abundance of each expected product at the end of the experiment is represented as shades of color. It is important to note that the abundance values have been normalized individually for each reaction, and are thus not directly comparable across the entire R1−R9 set. It is immediately evident that different combinations of functional polymers and metal ions lead to dramatically different reaction outcomes. The most effective combinations are listed in Table  1 .
R1 is the conjugate addition of thiophenol 2 to cyclo-2-hexenone 1. Chakraborti and co-workers have previously shown that this reaction could work without a catalyst in water under ambient conditions. 12 Other groups found that poly(N-vinyl-imidazole), 13 serum albumin, 14 squaric acid, 15 borax, 16 or sodium acetate 17 is necessary. In the present study, the reaction did not proceed without a catalyst. However, it did proceed well in the presence of both of binol derivatives (P3, P9), proline (P8), DMAP (P7), or oxazolines (P4, P5). In all cases, combinations of polymers were necessary to produce reasonable conversions.
The Friedel−Crafts reaction of indole 4 with β-nitrostyrene 5 (R2) has previously been shown to proceed without a catalyst neat 18 or in water, 19 albeit at high temperatures. β-Cyclodextrin and zinc alkylsulfonates are effective catalysts. 20 Results here show that in the presence of Sc(OTf) 3 , the proline derivative (P8) was effective alone and in combination with either binaphthylphosphoric acid (P3) or binol (P9) derivatives. This finding agrees partially with Xie et al., who found that Sc(OTf) 3 alone could be a good catalyst for this reaction in water. 21 The Friedel−Crafts reaction of indole 4 with diethyl-2-benzylidenemalonate 7 (R3) has not previously been reported to proceed in water. Here, we identified the combination of Cu(OTf) 2 with binaphthylphosphoric acid (P3) and oxazoline (P4) derivatives as promising catalytic systems.
For R4, the Michael reaction of diethyl 2-benzylidenemalonate 7 with aniline, a wide variety of polymers and their combinations were effective. DMAP (P7) was active both alone, and in combination with a range of other polymers and metal ions. iPr-oxazoline (P4) was active in combination with proline (P8), binol (P9), or thiourea (P10) or in the presence of Sc
3+
. Interestingly, the Ph-oxazoline (P5) was most efficient P3 + P4; P4 + P6; P4 + P7 NR a R4* P7; P9 + P10 P3; P7; P8; P3 + P7; P5 + P7 P5; P7; P4 + P8; P4 + P9; P4 + P10; P7 + P6; P7 + P8; P7 + P9; P7 + P10 NR
a Not reported. : there was no benefit from adding polymeric cocatalysts. Although we did not find previous examples of this reaction in water, there is at least one report of a moderate yield attained under neat conditions in the presence of 50 mol % of LiClO 4 . 22 This catalyst loading is an order of magnitude higher than was necessary in any of our reactions.
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We could not find any previous reports of reactions R5−R8 in water. In our hands, the Mannich reaction R5 between indole, formaldehyde and pyrrolidine proceeded in the presence of Cu 2+ or Sc 3+ and DMAP (P7). The Diels−Alder reaction R6 of furan with cyclo-2-hexenone was found to require two Lewis acid catalysts, the binaphthylphosphoric acid (P3) and Sc(OTf) 3 . The conjugate addition R7 of cyclo-2-hexenenone 1 with nitromethane was found to proceed in the presence of quinine (P6) and either binaphthylphosphoric acid (P3), or Sc(OTf) 3 and thiourea (P10). The addition R8 of β-nitrostyrene with diethyl malonate required a combination of Cu(OTf) 2 , binaphthylphosphoric acid (P3) and oxazoline (P4).
Reaction R9 is the aza-Diels−Alder reaction of benzaldehyde with aniline and cyclo-2-hexenone. Previously, Huang et al. demonstrated this type of reaction in aqueous media with moderate yields using 20 mol % of α-Zr-phosphate in the presence of sodium calix [4] arene sulfonate surfactant. 23 In our case, reasonable yields were achieved with only 5 mol % of two amphiphilic cocatalysts (P4 and P10, calculated on a functional group basis) and 5 mol % of Cu 2+ . We scaled this reaction up and established the exo/endo ratio for the products (Table S10 , Supporting Information). Under optimal conditions (37°C, 96 h), we obtained a 66% product yield with a 72:28 endo:exo ratio. Interestingly, the endo:exo ratio is significantly affected by the temperature. At 100°C, a 50% yield could be obtained after 16 h with an endo:exo ratio of 54:46. As the stereoselectivity of the parent reaction is not normally as affected by temperature, we attribute the change in the endo:exo ratio to the change in the structure of catalytic "clumps". Both P4 and P10 were necessary for the reaction to proceed: in the presence of Cu 2+ but not the polymers, only a 3% yield with a 61:39 endo:exo ratio was realized overnight.
Next, we characterized the P4, P10, P4 + P10, and P4 + P10 + Cu 2+ polymer "clumps" by cryo-transmission electron microscopy (CryoTEM) (Figure 2 ). P4 and alone forms small, spherical micellar aggregates (Figure 2A ), while P10's aggregates were disordered and wormlike ( Figure 2B) . A combination of P4 + P10 resulted in somewhat larger spherical aggregates ( Figure 2C ). The structure of the aggregates changed dramatically in the presence of Cu 2+ ions ( Figure  2D ). Large (100−200 nm), electron-dense spherical "clumps" were the most representative structures. It is reasonable to assume that the interactions that guide the formation of these striking assemblies also have bearing on the observed catalytic competency. Cryo-TEM images of other functional polymers are summarized in section 7, Supporting Information.
Using an empirical, yet rapid and flexible approach, we have been able to identify promising catalyst candidates and reaction conditions in water across a wide range of model reaction types. One of the catalytic systems discovered was used to perform a number of preparative-scale syntheses. Our approach provides easy access to a range of enzyme-inspired multifunctional catalysts. Efforts are underway in our laboratories to extend the results to other classes of reactions, as well as to gain mechanistic insights.
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